We have determined the nucleotide sequence of a region of the vaccinia virus genome encoding RNA polymerase subunits of 22 and 147 kDa and have mapped the 5' and 3' ends of the two mRNAs. The predicted amino acid sequence of the vaccinia 147-kDa subunit shows extensive homology with the largest subunit of Escherichia coli RNA polymerase, yeast RNA polymerases II and m, and Drosophila RNA polymerase H. The regions of homology between the five RNA polymerases are subdivided into five separate domains that span most of the length of each. A sixth domain shared by the vaccinia and the eukaryotic polymerases is absent from the E. coli sequence. In all specified regions, the vaccinia large subunit has greater homology with eukaryotic RNA polymerases II and III than with the E. coli polymerase. Vaccinia virus and eukaryotic RNA polymerases may therefore have evolved from a common ancestral gene after the latter diverged from prokaryotes.
The presence of a transcription and RNA-modification system within the core of vaccinia virus and other poxviruses contributes to their remarkable ability to replicate in the cytoplasm of animal cells (1) . Because of its large size and multisubunit composition (2-4), the vaccinia virus RNA polymerase more closely resembles RNA polymerases of eukaryotic and prokaryotic organisms than those of viruses such as T7 (5) . Nevertheless, the vaccinia virus RNA polymerase can be distinguished from that of its host with regard to the precise size of the subunits (2-4), a-amanitin insensitivity (3, 4) , and specificity for vaccinia virus promoters (6, 7) . That soluble vaccinia virus extracts can initiate (8, 9) and terminate (G. Rohrmann, L. Yuen, and B.M., unpublished data) transcription suggests that this system may have significant value as a research tool. Determination of the nature of the RNA polymerase is central both for our understanding of the biology and evolution of this extensive virus family and for evaluating its significance as an experimental model. We report here the nucleotide sequences of two vaccinia virus genes encoding RNA polymerase subunits and a computer analysis that reveals extensive similarities between the amino acid sequences of the large RNA polymerase subunits of vaccinia virus, Escherichia coli, yeast, and Drosophila.
MATERIALS AND METHODS
Vaccinia Virus DNA and RNA. The vaccinia virus DNA used for sequencing was derived from subclones of the HindIll J and H genome fragments of the WR strain (10) . The DNA sequence across the HindIll junction was confirmed with an EcoRI clone, pV7.1 (11) . Vaccinia virus RNA was purified from infected HeLa cells by centrifugation in CsCl gradients (12) . "Late" RNA was extracted from cells 6 hr after infection, and "early" RNA, from cells infected for 4 hr in the presence of cycloheximide.
DNA Sequence Analysis. Overlapping fragments of vaccinia virus DNA were inserted into M13 mpl8 or mpl9 phage vectors (13) . Inserts in replicative-form DNA were deleted unidirectionally with exonuclease III (14) , and the singlestranded phage DNA was sequenced by the dideoxynucleotide chain-termination method (15) . In some places, synthetic oligonucleotide primers were used in order to completely sequence both DNA strands. Computer analysis of overlapping DNA sequences was performed with the SEQ (16) and NUCALN (17) programs. Protein-homology searches were made with the FASTP program (18) .
RESULTS
Nucleotide Sequence of the Vaccinia Virus Genes Encoding the 147-kDa and 22-kDa RNA Polymerase Subunits. Eight putative RNA polymerase subunit genes have been mapped by immunoprecipitation of cell-free translation products of mRNAs that hybridized to cloned vaccinia virus DNA fragments (E. V. Jones, C. Puckett, and B.M., unpublished work), and two by screening of a Xgtll library with a monoclonal antibody (19) . We determined the sequence of a 6067-base-pair region spanning the map positions of the largest subunit and one of the small subunits (Fig. 1) . Two open reading frames (ORFs) had the size, location, and orientation expected for the RNA polymerase subunits. Molecular masses of22,008 and 146,967 daltons are predicted from the sequence. A third ORF, located between the two RNA polymerase genes and oriented in the opposite direction, is predicted to code for a protein of 15,159 daltons. Another ORF, to the right of the gene coding for the 147-kDa subunit, predicts a protein of 19,700 daltons corresponding to a late protein previously mapped to this region (20) . The TAA termination codons of these oppositely oriented ORFs are overlapping and share two nucleotides.
The sequence of a segment of vaccinia DNA that overlapped nucleotides 1-1711 of Fig. 1 has recently been reported (21) . The two sequence determinations are in agreement except at nucleotides 904, 1324, 1623, and 1625. Plucienniczak et al. (21) also noted that an ORF for a 41-kDa polypeptide (which ends with a TAG at nucleotide 336 in Fig.  1 ) overlaps that of the 22-kDa-subunit gene, but in a different frame.
Nuclease S1 Mapping of RNA 5' and 3' Ends. The general locations of RNAs mapping in the region now known to contain the genes for the 22-kDa and 147-kDa RNA polymerase subunits were determined by the nuclease S1 mapping technique (11, 12) . For a more precise localization of Abbreviation: ORF, open reading frame.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. these sites, nuclease S1 cleavage products were displayed alongside sequence ladders on high-resolution polyacrylamide gels (Fig. 2) . The 5' end ofan early 22-kDa-subunit mRNA mapped to nucleotide 57 of Fig. 1 (Fig. 3) . A sixth region of homology, near the amino termini of the vaccinia virus and the eukaryotic RNA polymerases, was undetectable in the E. coli 1' subunit. The limited data available for the Drosophila RNA polymerase II from the partial sequence follow the same pattern. The blocks of homology with the vaccinia 147-kDa subunit range from one end of the molecule to the other, in a pattern that is similar among all the RNA polymerases (Fig. 4 ). An exception is the repeating heptapeptide only present at the carboxyl terminus of the yeast RNA polymerase II large subunit (23) .
The degree of homology of the prokaryotic and eukaryotic large subunits with that of the vaccinia virus RNA polymerase varies in the different regions. The 
DISCUSSION
The amino acid sequences of the vaccinia virus 22-kDa and 147-kDa RNA polymerase subunits were inferred from the DNA structure. The only remarkable feature of either polypeptide is the high (40%) P-pleated-sheet content of the 22-kDa subunit. Both the 5' and 3' noncoding sequences of the mRNAs for the two subunits are longer than those previously described (30-32) for vaccinia virus early mRNAs. However, the 5' end of the 22-kDa-subunit message and the 3' end of the 147-kDa-subunit message map within adjacent ORFs, indicating dual utilization of the same nucleotides for protein-coding sequences and transcriptional control signals.
The vaccinia virus RNA polymerase bears a remarkable resemblance to cellular RNA polymerases. All possess two large subunits (>100 kDa) and several polypeptides of lesser size. It is now evident that the similarity between vaccinia and cellular RNA polymerases extends to the molecular structure of at least one subunit. The amino acid sequence of may participate in DNA unwinding (27) . In addition, a mutation in the largest subunit of Drosophila RNA polymerase II confers a reduced rate of RNA chain elongation in vitro (29) .
The degree of relatedness among the four types of RNA polymerases has implications for the evolution of the vaccinia virus enzyme. In all regions of the polypeptide, the vaccinia 147-kDa subunit more closely resembles the eukaryotic large subunits than the prokaryotic large subunit. Some regions of the vaccinia 147-kDa subunit are more closely related to the yeast RNA polymerase II, while others more closely resemble RNA polymerase III. It is difficult to ascertain, therefore, whether the vaccinia virus RNA polymerase evolved from RNA polymerase II, RNA polymerase III, or their ancestor.
Other subunits of the vaccinia virus RNA polymerase also may prove to share homology with the RNA polymerases of prokaryotes and eukaryotes. For example, we predict that the second large subunit of the vaccinia RNA polymerase is related to the 13 chain of the E. coli RNA polymerase. The map locations of the vaccinia RNA polymerase subunits are known and are therefore amenable to sequence analysis. By identifying regions of homology with E. coli RNA polymerase subunits, highly conserved sequence probes might be used for identification of additional eukaryotic RNA polymerase genes.
